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ABSTRACT

The ALICE pixel development strongly builds on the experience gained at CERN in
the WA-97 [1) and NA-57 [2] experiments from operating a full pixel system
developed in close collaboration with the RD-19 collaboration [3]. Two chips have
been designed as prototypes for the ALICE pixel detector. Both contain front end and
digital readout circuitry for 130 pixels. The first one, implemented in a commercial
0.5 pm technology, contains a newly designed front end capable of handling large
detector leakage currents and large leakage current variations (~ 100 nA) with
minimal threshold variation (~1 %). Special layout techniques studied in more detail
in the RD-49 collaboration [4] were used to increase the radiation tolerance of the
circuits. At an X-ray dose rate of 4 krad/min the chips started to degrade significantly
only after 600 krad. In an ionizing particle beam significant degradation set in after
1.7 Mrads administered in approximately two days.
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Density considerations pushed to go to even deeper submicron for the next prototype.
It was designed in 0.25 pm standard CMOS, the front end and discriminator have
been modified to avoid using large enclosed NMOS devices for current mirroring. As
a result of this and the smaller feature size the front-end now measures only 120 pm
on a 50 pm pitch compared with about 270 pm on the same pitch in the old design.
Moreover, a 3-bit threshold adjust has been added. 2 different counter designs have
been implemented which should replace the delay line used in the Omega3 chip. The
static counter measures 40 pm by 60 pm whilst the dynamic counter measures only 40
um by 35 um. It is now clear that the functionality required of the Alice pixel cell can
be implemented within 300 pm using this technology.
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OVERVIEW

LHC2TEST in 0.5 micron CMOS
electrical and irradiation results

Photon Counting Chip (PCC) threshold

adjust

New submission ALICE2TEST

Conclusions

W. Snoeys - CERN - EP - MIC
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LHC2TEST in 0.5 micron

o Contains 2 columns of 64 pixels + 1 test
pixel with analog outputs)

+ [Each pixel element contains :
- test and mask

- front end with capability to collect holes
or electrons, and detector leakage
current compensation

- readout logic (strobe but no delay line)
+ laid out in radiation tolerant layout

W. Snoeys - CERN - EP - MIC
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Added delay (ns)

Counts (pro mille)

First results LHC2TEST Chart 5

Threshold dependence on leakage current per pixel
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Timewalk measurement LHC2TEST
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LHC2TEST

electrical results

4

for a detector leakage current increase of 1

to 200nA :
- -threshold variation ~ 1% ,
- noise increase from about 200e RMS to
400e RMS for holes, and to 350e RMS

for electrons.

threshold variabie between 2000 to 15000
holes or electrons

threshold spread too large (400 - 500 e
RMS)

timewalk within 25 ns for only a few 100
electrons above threshold

W. Snoeys - CERN - EP - MIC
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LHC2TEST

Radiation Tolerance

L 4

Irradiation tests done with 10 keV X-rays,
Gamma %Co, 6.5 MeV protons, and
electrons in NAS0 |

No large increase in supply currents with
dose => rad tolerant layout techniques
prevent leakage ~

Serious degradation (= severe pixel
threshold increase) sets in only after ~600
krads with Xrays and ~1 Mrad or higher for
the other sources (e.g. 1.7 Mrad for NA 50
beam)

W. Snoeys - CERN - EP - MIC

LHC2TEST

Y' Radiation Tolerance

+ Main reason for threshold increase is

shaper response decreases sharply in
amplitude (verified on analog outputs)

Significant recovery (annealing) after a
relatively short time

W. Snoeys - CERN - EP - MIC
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. ) Evolution of Power Consumption with X-ray Dose
Evolution of Theshold and Theshold Variation with

electrons
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10 keV Xray irradation of LHC2TEST

Average Threshold Average Noise valid Pixel
Threshold | variation RMS Noise variation RMS 1d Fixels
400 krad
before 2262 431 216 31 127
immediately after 2091 445 237 26 125
after 1 day at RT 2173 439 ~37 27 126
after 1 week at 100 C 1546 373 Z39 21 90
600 krad
before 2243 431 218 26 130
immediately after 2554 560 263 20 130
after 1 day at RT 2357 483 237 21 129
after 1 week at 100 C 2234 447 226 16 128
800 krad
before 2276 . 413 224 18 124
immediately after 4342 1657 372 69 130
after 1 day at RT 2534 629 265 25 126
after 1 week at 100 C 1689 475 261 28 90
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ALICE2TEST in 0.25
micron CMOS

¢ Contains 2 columns of 64 pixels + 1 test
pixel with: analogc outputs)

¢ Each pixei element contains :

- test and mask

- front end with capability to collect holes
or electrons, and detector leakage
current compens::ion, and threshold
adjust (local digit: : storage not yet
included)

- digital counter - based delay line
two versions : static and dynamic

- readout logic

+ laid out in radiation tolerant layout
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CONCLUSIONS

¢ LHC2TEST (0.5 um) excellent results
regarding timewalk, detector leakage
current compensation and radiation
tolerance BUT insufficient density and
relatively large threshold variation.

¢ Therefore ALICE2TEST (0.25 um), expected
back early July, density sufficient to
implement ALICE pixel in 50 x 300 um,
threshold adjust added to improved front
end (principle of adjust demonstrated on

PCC)
+ Full ALICE chip to be submitted by the end
of the year.
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-

- ACTIVE PART

U5 Analog part (140u)
include 3 bits DAC tor waing

U5 Control part (80u)

mask, inject ...

U 3 Digital part (180u)
RO part for 4 contiguous pixels
7 bits of address
2 bits late
} bit rise (for To'I" information)
1 bit Up/Down (for group)
I bit Left/Right (for group)

digital
anadoy cotiol 5uspejnij + late 13 FF suspend + late cotitrod
. . A A '

|
.1(..-.;

analoy

- pixel size @ H400um # 30

FNAL Pixel Workshop 98

Thorsten Kuhl, Pl Bonn
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Threshold distributions

- | Threshold distribution (B2) . | Adjusted threshold distribution (B2)
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750 Mean = 4736 e 750 Mean = 4508 e
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l Noise distribution of PIRATE with detector (BoeingZ]
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200 -
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Test beam

First test beam 01.04.98-21.04.98
(CERN, 50 GeV Myons)

test of several chips

different detector configurations
test system works well
sucessfull data taking

_u_m>._.m (IZMm4) _: 8& cmmB A>n:_ .mmv
2000 m Preliminary
T 0=18.5 pm
-200 - -100 - w = __wa E— 200
x-Residi-als pm

Analysis: LBNL Berkley

T

FNAL Pixel <<o=6=ou 98
Thorsten Kuhi, Pl Bonn

MAREBO

Radiation hard readout chip with reduced digital part.

Preamplifier signals single channel

[ eroeme )

single shot

100

200mv/div

77777

f!(f/

200ns/div

Timewalk behaviour

/ // 1 i a without capacity
b: with add. capacity
/ b _ . :o:rm__nma" to _é-"_ v:_mm.
RS ST EIPNEE MITIINE 1. NUIOH AYPRNIE Sonee heights
H < .
1
H
L "e o0 %o 2000 0 3a00 350 “@wed .00 49062

POV Chalge (W chaceons)

L Pixel Workshop
Thorsten Kuhl, Pl Bonn
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Recent Performance of Prototype
Readout-Sensor Assemblies for ATLAS

Eric Charles
Physics Department, University of Wisconsin-Madison,
1150 University Avenue, Madison, WI 53706, USA
For the ATLAS Collaboration

Abstract

The past two years have seen the first use of fast (40 MHZ) pixel
readout arrays in testbeam situations. Among other achievements,
several LBL designed M72b readout chips were bonded to various
sensors and successfully operated during the 1997 testbeam season.
Results are presented here covering both the bench characterization
and beam testing of various M72b detector/readout assemblies. In
particular: threshold uniformity, timewalk, efficiency, resolution and
Lorentz effects have been studied. Furthermore, first results from the

. current generation FE-B chips are also presented here.

1 Introduction

There are good reasons why pixels are the detector of choice for the innermost
region of the ATLAS detector at the LHC. The small element size implies
both low leakage current and low noise, making them intrinsically more radi-
ation hard than strip detectors. In addition, the true 3-D information avoids
tracking ambiguities. This is especially important at the LHC where each
- bunch crossing is expected to yield about 25 minimum bias events.

The design luminosity of the LHC is 10**cm~2s~! with a bunch crossing
rate of 40 MHz. Noise occupancy and timing constraints are driven by the
desired track finding efficiency at this high luminosity. These constraints
dictate that each hit in the detector must be correctly associated with a single
bunch crossing. In other words, the cumulative time of charge formation,
drift, pre-amplification and discrimination must vary by less than 25 ns for
all signals of interest. The noise occupancy should be less than 10> hits
per channel per bunch crossing. Furthermore, the physics goals of ATLAS
require a point resolution of 12 ym in the r¢ direction and 100 gm in the z
direction. Finally, ATLAS requires a pixel dead time of less than .5 ps.

1



These timing and occupancy requirements must be met by a pixel layer at
an 11 cm radius for the entire life of the detector. At this radius, the lifetime
dose is expected to be 200 KGy and 5 x 10 1 MeV n cm~2. At the end of
the detector life, the maximum attainable depletion depth is estimated to be
about 100 pm at 200 Volts bias. Thus an in time threshold of about 2000 e~
would be required to keep losses from pulse height variations at a tolerable
(below 1%) level. With this threshold, the noise occupancy requirement
dictates that noise and threshold dispersion each be kept below about 200
e”. These requirements can be relaxed if the detectors can be operated at
higher bias voltages after irradiation.

The ATLAS pixel baseline calls for 50umx 300um elements with binary
read out. The detectors will be n* on n doped Silicon aiming at a thickness
of 200-250 um. The requirements and baseline decisions are explained in
detail in [1].

Parallel prototyping efforts for the pixel readout electronics of the ATLAS
detector have been underway in both Europe and the United States. For more
details of the role of pixel detectors in the ATLAS experiment see [1], [2].

In the past two years an LBL-Wisconsin group has designed and tested
two prototype versions of ATLAS pixel readout chips, M72b and FE-B. Dur-
ing 1997 the M72b chip was extensively tested both on the bench and in the
H8 beamline at the CERN SPS. FE-B chips were received in mid-April 1998

and some very encouraging first results have been obtained.

2 The M72b Chip

The M72b chip represented a development phase of the ATLAS pixel project.
It was intended as a test chip to prove the soundness of the readout architec-
ture and the feasibility of meeting the electronics requirements. The front-
end performance was not intended to meet all of the ATLAS requirements.

The M72b chip was fabricated in a .8 yum CMOS technology and sup-
ports an array of 12 columns of 64 50 pm x 536 wum pixels. The readout is
column based. End of column (EOC) logic for trigger coincidence has been
implemented. The coincidence is made using an externally generated 8 bit
40 MHz timestamp which is bussed to the end of column logic. If any pixels
in a column fire, the timestamp is latched in an 8 bit by 8 deep buffer and
the buffer address is written to a 3 bit latch locally at each pixel which fired.
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Triggers are bussed to the EOC logic and a coincidence flags buffer elements
for subsequent readout. If a trigger for a particular buffer element does not
arrive when expected, the corresponding pixels must be actively reset and
the buffer element cleared. Analog information is provided by integrating the
discriminator output onto a storage capacitor. During readout, the stored
charge for each hit pixel is multiplexed off chip and digitized. Test circuitry
allows checking the pixel front end and the readout components of the chip
independently.

2.1 MT72b Bench Results

During the first six months of 1997 M72b arrays were extensively charac-
terized on the bench at LBL. In general the digital performance was quite
good. The analog performance was adequate, although not up to ATLAS
requirements.

On the bench the M72b array-sensor assemblies performed with high ef-
ficiency and essentially no spurious hits down to thresholds of 3000 e~. At
these settings 400 e~ dispersion and 700 e~ noise were measured. Further-
more, the analog information was reasonably good. For any given pixel it
was possible to measure the input charge to within approximately 1000 e~
up to input charges well over the MIP charge of 25000 e~.

Fig. 1 shows some timewalk parameters from a chip that was not bonded
to a sensor. The upper plot shows a per channel histogram of the time
between the arrival of earliest hits seen on any pixel in the array and the
average hit on each particular pixel when given a large (60000 e) input charge.
The excellent (sub nanosecond) skew in timing across the array is largely
attributable to the readout architecture. The lower plot is a per channel
histogram of the input charge required for the timewalk to be under 25 and
50 ns. One can see from the bottom figure that the M72b array does not
meet the ATLAS timewalk requirement.

Systematic studies of performance parameters revealed significant differ-
ences between odd and even columns with the odd columns behaving some-
what better. Eventually this problem was diagnosed as a layout flaw which
allowed the ground reference for the discriminators in the even columns to
float relative to that of the preamplifiers, resulting in modified threshold,
noise and TOT behavior in these channels.
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2.2 MT72b Testbeam Results

The M72b array was characterized in a 180 GeV pion beam at the CERN
SPS. M72b chips were bump bonded to both n* on n and n* on p detectors.
The detectors were 300 um thick and had a bricked geometry, i.e. alternate
pixel rows were offset by one half pixel length. Data were taken at various
bias voltages, Viiss, with the detector normal to the beam as well as with
the detector rotated about the long pixel axis (4) or the short pixel axis
(9). Runs were taken both field free and with a 1.5 T longitudinal magnetic
field to simulate operation parallel to the beam in the ATLAS solenoid. A
high resolution Silicon strip tracking telescope was also read out. All results
presented here were obtained from events where a single high quality track,
x? < 1.5 was found in the strip telescope. Track errors projected into the
pixel plane were on the order of 3 ym.

Fig. 2 shows the detector efficiency as a function of Vi;,s. The efficiency
was determined from the number of events in which a pixel cluster was found
within 50 um of the track intercept in the short pixel dimension. The trigger
was asynchronous with the 40 MHz clock of the pixel electronics, so a TDC
was available to indicate at what point in the 25 ns time bucket the trigger
arrived. The open circle values were determined requiring the hit to have
arrived either in same time bucket as the trigger or the next time bucket.
This imposed a timewalk cut of anywhere from 25 ns to 50 ns depending on
when the trigger arrived. The solid circle values were determined including
hits from the next two time buckets as well. Finally, the star values were
determined by eliminating events in which the trigger arrived less than 10 ns
into a 25 ns time bucket. This was to eliminate events where large charges
may have caused the pixel to fire before the early end of the accepted region.
It can be seen that except for the case of very low Vi and a tight timing
window, the efficiency is between .98 and .99. With the TDC cut imposed
the efficiencies are uniform at .99. Though the cause of the residual 1%
missing hits is not fully understood, this result obtained with a 40 MHz chip
having full EOC logic is encouraging. It should also be noted that the level
of spurious hits was below the ATLAS requirement of 10~ hits per channel
per bunch crossing.

- Fig. 3 shows the mean charge measured in a n* on p sensor as a function
of bias voltage. In the events considered, there was exactly one cluster found
in the pixel detector and this cluster was required to be within 50 ym of the
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track intercept in the narrow pixel direction. The result of a fit to /Vijas
is shown on the figure. Unfortunately, most of the data from the n* on p
sensors were taken at Vs = 40 V, where the detector appears to be only
about 75% depleted. <

Fig. 4 shows the resolution measured along the short axis of the pixels
with various levels of readout information as a function of ¢. The cluster
position was estimated by a simple charge centroid. As ¢ is increased, the
number of clusters which span more than one row increases. We see that the
best resolution comes at 10° when two pixels fire much, but not all, of the
time.

Fig. 5 shows the effects of bricking. As with the short axis, the cluster
position was estimated by a simple charge centroid. As ¢ is increased, the
number of clusters which span more than one row increases. The added
information this yields in a bricked detector, even with this simple position
estimate, is exhibited in the strong ¢ dependence of the residual distribution.
In confirmation of this, it was found that for a given cluster width the residual
was nearly independent of ¢.

Finally Fig. 6 shows the mean number of rows spanned by a cluster as
a function of ¢ with and without the 1.5 T field. A Lorentz drift angle of
approximately 9° can be estimated from the figure. A monte carlo study is
underway to better understand the charge collection and should help inter-
pret this behavior. '

3 FE-B Chip

The FE-B effort, as with the M72b chip, uses a timestamp to make the
trigger coincidence. Although the ATLAS baseline calls for binary readout,
FE-B prototypes provide charge information via a time over threshold (TOT)
measurement. In this generation the timestamps are bussed directly to the
pixels, latched on the rising and falling edges of the discriminator and then
written to end of column buffers. Buffering is provide for up to 20 hits from
16 different triggers. The M72b chip could handle events with an arbitrarily
large number of hit pixels. Those pixels were then dead until read off of the
chip. The FE-B chip can not store more than 20 hits per column pair at a
time, however, the pixel deadtime is much shorter, being roughly equal to the
return to baseline of the pre-amplifier. At 40 MHz, a 5 bit TOT measurement
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would give a pixel deadtime of roughly 800 ns. Another feature of FE-B is a
dual level discriminator. The low discriminator determines the hit timing as
well as the time over threshold, while the high discriminator validates the hit.
The aim of this configuration is to satisfy the timewalk requirement within
the power budget and without introducing excess crosstalk. Furthermore,
each pixel contains a three bit tuning DAC which acts as a vernier adjustment
for the threshold in that pixel. These tuning DACs can be individually set
so as to minimize the threshold dispersion. For a detailed discussion of the
FE-B pre-amplifier and discriminator configuration see [3].

3.1 FE-B Bench Results

Since the FE-B wafers’ arrival at LBL on April 15 a wafer probe station has
been commissioned and wafer probing is underway. Individual chips have
also been probed on single chip support cards.

The results have been extremely positive. Aside from a bug in the priority
scan that causes many hits from columns 11-18 to be lost, the chips have been
nominal and the yield has been extraordinary. On the first wafer probed, 81
of 85 chips passed all tests.

So far, FE-B arrays without detectors have been operated at a 5000 e~
threshold setting with 450 e~ dispersion without use of the tuning DACs
and less than 70 e~ noise. After tuning a 3000 e~ threshold with 100 e~
dispersion was achieved.

3.2 FE-B plans

Currently work is underway to produce module controller chips, MCCs, to
be used in fabricating pixel modules. The modules will be composed of
16 front end chips with 18 columns of 160 pixels each mounted on a single
detector substrate and read out through a MCC. The division of functionality
between the two chips is close to that of the final system. The modules will
first be fabricated in rad-soft technologies. After the successful completion
and testing of the rad-soft versions, rad-hard submissions will follow.
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4 Conclusions

Silicon pixel detectors offer an answer to many of the challenges of running
at the LHC, but come with many challenges of their own. Though the first
ATLAS prototypes were not intended to meet all of the requirements of this
harsh environment, results obtained with them are encouraging. Despite a
2005 LHC turn on date, detector production, testing, installation and com-
missioning time scales make the immediate schedule tight. The second round
of prototypes have yielded some very positive first results.
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Timing Performace: M72b
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US ATLAS Pixel Electronics
K. Einsweiler, LBNL

LBL/Wisconsin electronics team: E. Charles, A. Ciocio, K. Dao, D. Fasching, A. Joshi,
S. Kleinfelder, L. Luo, R. Marchesini, O. Milgrome, F. Pengg, J. Richardson, G. Zizka

ATLAS Pixel Electronics:

«Electronics requirements for ATLAS

«Electronics design effort:
— “Proof-of-Principle” phase (essentially complete)
— Realistic prototyping phase (now in testing phase)
— Production phase

Proof-of-Principle phase:
« Chips fabricated
-Lab and testbeam results

Realistic prototyping phase:
«ATLAS1 Chipset: design overview
«Design details and first results from FE-B chip

= ATLAS Pixel Eiectronics at LBL, May 7 1898 1 of 2¢
K. Ei 1 Berkeiey National Leb

® FNAL Pixel Workshop, May 1998 ®

Overview of ATLAS PiXeI Tracker

Basic Component:
«Modules which are placed on a mechanical support and cooling structure in
“chips down” configuration, with detector substrate smaller than electronics:

— Silicon detectors (one per module), with active size roughly 16.4 x 60.4 mm
— Electronics chips bump-bonded to detectors (16 FE chips and 1 Controller chip per module)
— Hybrid interconnect that connects front-end chips to controller chip and services

- Disk Module Concept

Power/DCS
Pigtail

Optical package
(fibers not shown)

Module Clock
and Control Chip

Front-end Chips

s ATLAS Pixe! Electronics at LBL, May 7 1998 2of 28
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Pixel Electronics Requirements for ATLAS
High overall efficiency is necessary:

«Pixel layers are complex, costly, and contain lots of material.

-Inefficiency sources include dead/inefficient regions, timewalk performance,
electronics deadtime, masked or dead electronics channels, and high thresholds.

«Goal is for each of these to contribute less than 1% to the global hit inefficiency.

Maximum power budget is 0.6 W/cm?, or 5.5 W/module:
«This corresponds to 250 mW/front-end chip and =40 uW/pixel front-end.
It allows 300 mW for module control, and 300 mW for detector leakage.
oIt allows dp to =900 mW for power transmission and data transmission.

Radiation tolerance is at least 30 MRad, or 100 MRad for
inner layer over full lifetime (silicon detectors would die).

Geometry of pixel and front-end chip:
-«Pixel geometry determined by point resolution and feasibility ~ 501 x 300.

«Chip geometry determined by radhard yield, suggests die should be < 80 mm?
«Goal: 24 column x 160 pixel matrix with =2.5 mm “deadspace” for peripheral logic.

. = ATLAS Pixel Eiectronics at LBL. May 7 1988 3 of 20
X K. Ei L B y Nationa! Lab
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Front-end requirements:
«Minimum silicon signal after 10*® fluence is =6 Ke. Efficient detection requires a
threshold of about 2 Ke.

«Operating at this threshold requires a noise of less than =200 e, and a threshold
dispersion of no more than =200 e.

«The timewalk should be small enough to allow 40 MHz beam-crossing
association down to roughly the minimum threshold.

«The input capacitive load is expected to be about 200 fF.
«The DC-coupled preamplifier should handle leakage currents up to 50 nA/pixel.

«The noise occupancy should be below 10°/pixel/crossing.
«The crosstalk ratio (threshold/adjacent signal to fire neighbors) should be <5-10%

Readout architecture requirements:
«Unique beam-crossing association at 40 MHz.
«Store information for 2.5 us L1 latency and handle 100 KHz accept/readout rate.
«Operation at pixel occupancies as high as 5x10™/pixel/crossing with deadtime
<1%, implying no more than =500 ns deadtime per hit.

«Adequate buftering in perpheral logic to prevent significant hit loss, even for large
local occupancy fluctuations (e.g. inside of jets where chip occupancy x 10-20).
. l‘z y

- . o
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The LBL Matrix (M72b)
‘The front-end design:

«The front-end design uses a fast high-gain preamplifier with an unusual “leakage
subtraction” circuit, and provides linear TOT up to very large charges.

« A simple discriminator follows, giving reasonable threshold dispersion (250e), but
only fair timewalk (50 ns required for puises near threshoid). The disriminator
output is integrated on a capacitor to provide analog TOT information.

The readout architecture:

«Pixel address and charge information is stored in the array in a “content-
addressable memory” structure which can retain 8 simultaneous events.

«Timing information is stored in the peripheral logic for each event on a per-column
basis using an 8-bit Grey code timestamp and a 2-level buffering scheme to store
8 events prior to trigger coincidences and 4 events pending readout.

A 2D sparse-scan readout system aliows transfer of this information off-chip at up
to 10 MHz. Only hits above threshold for triggered crossings are read out, and
each hit contains the pixel address and timestamp, plus the analog charge
information.

L ) ATLAS Pixel Electronics at LEL. May 7 1998 6 of 29
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Pixel Electronics Development Program
ATLAS requirements go far beyond existing pixel systems

«“proof-of-principle” prototyping was carried out to explore different concepts and
see if 40 MHz concurrent operation at low threshold was achievable.

«These first chips have achieved many of the ATLAS requirements.

Two maijor efforts were carried out inside ATLAS:

«Bonn/CPPM matrix: a 12x63 pixel array with 50 x 436 pixels and no peripheral
logic, providing digital TOT information, fabricated using AMS 0.8p BiCMOS
process (see talk of T. Kuhl).

-LBL matrix: a 12x64 pixel array with 50u x 536 pixels and complete peripheral
logic, providing analog readout of TOT information, fabricated using HP 0.8
CMOS process (see talk of E. Charles).

«Extensive lab characterization and beam testing has been performed on both.

Now have moved to realistic ATLAS prototypes:
-Learned many lessons from prototypes and subsequent development work.
«Incorporate complete set of functional blocks required for module construction.

+ATLAS1 chipset includes 2 front-end chips.and 1 module controller chip initially
radsoft, but targeted for radhard. ' i 3 5

| ] ATLAS Pixel Etectronics at LBL. May 7 1998 S of 28
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Chip Layout:

«Pixel input pads use staggered geometry (100u bump separation) and inputs are
in center of pixel to support bumping to “bricked” detector geometry

«Peripheral logic includes 2 levels of FIFO buffering per column and sparse scan.
«Digital readout logic is on bottom, analog biassing and test points on top

) . om ' ATLAS Pixel Eiectronics at LBL. May 7 1998 7 of 28
K. Einewsi i y National Lab
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Summary of Tests (see talk of E. Charles for more plots):

«Initial tests were performed with n* on p-bulk detectors fabricated at LBLn abd
bump-bonded by Rockwell (now Boeing). They provide partially depleted
operation, with only single-sided processing.

«Electronics was operated at a threshold of = 4 Ke.

«Extensive testbeam data was aqcuired at CERN in Apr. 97, showing excellent
bump-bc_mding and efficient operation down to depletion depths of = 100u.

«A second set of tests was performed with baseline n* on n-bulk detectors,
fabricated by Hamamatsu.

«Four detectors were tested in the CERN testbeam in Sept. 97, and operated
efficiently with V(depletion) = 65 V and low bias currents.

«In collaboration with the RD-42 diamond R&D effort, we have fabricated an
assembly using a piece of the 600n D73 diamond detector. It has been bump-
bonded by Boeing using their Indium bump-bonding technology. First results will
be presented at this meeting by W. Trischuk.

] ATLEE Electronics at LBL, May 7 1998 8 of 28
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The ATLAS1 Chipset: Definition and Development
Address ATLAS requirements with definition of new chipset

Based on system design concept with novel features:
«All control of the chips involved uses serial command interfaces
+Module interface is three wires: Dataln, DataOut, and Clock
+All fast digital activity uses LVDS drivers/receivers with =~ +300 mV swings
«Data (both event and configuration) is output over a 40 MHz serial link

*Module Controller Chip (MCC) drives signals to 16 Front-end chips, collects
return data and build events using a star topology for bandwidth and redundancy.

MODULE
MCC
FE#0 w0 070 DO
o cee 0|
X
F % £ > 222,“ 3 =
e é gﬁc
FE#1 0O == £753
g LVt
LR 4
FE#15 o) Legend
X = g LVDS
g SN —p— CMOS
- ATLAS Pixel Electronics at LBL, May 7 1998 9 of 2¢
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Front-end chip design proceeded in two parallel directions:

+One effort is targeted for the DMILL radhard process, and foliows closely the
successes of the BP51 chip development (FE-A).

- «The other effort is targeted for the Honeywell radhard process, and is based on
new developments in the front-end and architecture areas (FE-B).
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Common features of two front-end chips:

«Two FE designs are “pin-compatible”, meaning pin assignments are identical, and
they can be operated with the same MCC and test boards, although internal
registers and their meanings are somewhat different.

«The geometry'is 18 columns of 160 50u x 400y pixels with 50u pitch bump pads.
The die size is 7.2 x 10.8 mm, with 2.8 mm for all peripheral ogic.

«Front-end biassing is controlled by an internal current reference and up to 8
current-mode 8-bit DACs, with bias points brought out for decoupling/reference.

« The readout architecture is column-pair based, meaning that two adjacent
columns share a readout structure and enter a common EOC buffer block.

«The data is transferred from the pixels to the EOC buffers as soon as it is ready to
minimize the total deadtime close to that required for the front-end alone.

«A 4-bit trigger number field is used to store up to 16 triggers pending readout.

- «The protocol is “data push” where each FE chip receiving a L1 Trigger produces
at least one data word. Data is sent out in the order triggers are received.

«The data format includes a 1-bit header and 25 data bits: 4-bit L1, 13-bit Row/
Column, and 8-bit TOT, for each hit.
«A serial command processor with simple command format is used to read/write

all internal registers. A MUX determines whether event data or register data is
returned over the serial link.

] . ATLAS Pixel Electronics at LBL. May 7 1998 11 of 2¢
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Front-End B (HP/Honeywell version)
Front-end design:

+Basic design uses a fast, high-gain DC-coupled preamplifier, followed by an AC-
coupled slower differential ampilifier, followed by a dual-threshold discriminator
block:
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Preampilifier design details:

«Preamp uses direct cascode for lower input impedance, and has a peaking time
of about 30 ns.

«Feedback circuit is based on design of CPPM (L. Blanquart), and uses
C(feedback) = 3.5 fF to avoid saturation. This feedback scheme has a very high
tolerance for leakage current.
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Differential Amplifier coupling stage design details:
»AC coupling uses novel technique to get best possible return to baseline.

«This is followed by a relatively siow (80 ns) but high gain differential amplifier to
reduce crosstalk while retaining timewalk performance. The crosstalk
suppression arises because the cross-coupled signal from the neighboring
channels is faster than the primary signal from the detector. This approach offers
reduced power consumption but suffers from greater sensitivity to the
preamplifier shaping behavior.

« Threshold control is provided by adjustment of the differential amplifier baseline
(coarse control) and by adjustment of the individual discriminator biases (fine
control).

«A 3-bit in-pixel DAC is also provided for threshold tuning of individual pixels. The
step size of the DAC is adjustable globally.

Dual Threshold Discriminator design details:

« A dual-threshold discriminator scheme is used to eliminate out-of-time hits, and
provide flexibility by decoupling the low threshold required for optimal timewalk
from the higher threshold needed for optimal crosstalk and low noise occupancy.

139
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+The idea is that the high threshold is set to optimize noise occupancy and
efficiency. and then the lower threshold is set so that its “in-time” threshold is
lower than the high threshold, thereby eliminating out-of-time hits.:
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Prototype results:

« A series of prototype test chips have been used to evaluate this design (and many
variations). The present performance indicates a timewalk of 25 ns is achieved
with an overdrive of about 1500e for a 35 uW power budget for the front-end:
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-A threshold dispersion of about 300e RMS jftzfare tuning) is achieved.
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Command decoder and control features:

«The chip supports a simple serial protocol for writing and reading the internal
registers. Presently, this runs at 1/8 of the full clock speed (5 MHz).
«Command Register includes:

- Single Discriminator Mode, FastOR Enable, Preamp Buffer Enable, Analog Injection Enable,
Digital injection Enable

+DAC Register for controlling 8 8-bit current-mode DACs which control biasing for:

— Preamp bias, Feedback, AC-coupling bias, Diﬁamp bias, Diffamp baseline, Dual-discriminator
biasses, and step size of 3-bit TDAC. Value of 0 disconnects internal current source to aliow external
setting.

«Global Register includes: .

— L1 tatency control, DO MUX, Column Clock speed, TDAC values.
«Pixel Register includes:

- Select bit for charge injection control, Mask bit for readout control, 3-bit TDAC value.
«Hit Injection:

— Can occur digitally at input to readout logic, with pulse width given by external Strobe, analog via
an internal VCal “chopper” in the chip periphery, or analog via an external chopper pulsing VCal.

«Monitoring:
—» Provide two FastOR differential outputs from array, with participation controlied by Readout Mask
— Provide single buffered Preamplifier Quiput.
— Provide access to current reference used by internal DACs. Value can be set by external voltage.

] ATLAS Pixef Electronics at LBL. May 7 1998 17 of 2¢
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Readout architecture:

«Individual pixels contain leading-edge and trailing-edge latches to record a 7-bit
Grey code timestamp which associates the hit with a 40 MHz beam crossing.

»A hit is initiated by the leading edge of the low-threshold input. The TOT is
determined by the trailing edge of the low-threshold input. The hit must be
validated by the presence of a high-threshold input during the period in which the
low-threshold discriminator is also turned on, otherwise the hit is reset.

«Pixels operate independently, and transfer their data to the EOC buffers
immediately after the trailing edge occurs, over a shared (arbitrated) bus which
services the two columns in a pair. The arbitration logic lives in the “bottom-of-
column” region between the column and the end-of-column buffers.

«Hits are drained out of the column pair by two paraliel ripple-through sparse scan
circuits. These circuits use a look-ahead mechanism (10 groups of 16 pixels are
scanned in parallel) to achieve a ripple-down time of about 25 ns in a 160 pixel
column. This mechanism ensures that the “highest valid hit” in each column is
presented for readout to the bottom-of-column arbitration circuitry. A column
clock is used to synchronize this activity and eliminate metastable states.

«The EOC buffer block for a column pair contains 20 buffers to store hit
information. The leading-edge timestamp, the trailing-edge timestamp, the 9-bit
address, and the 4-bit trigger number are stored. Three status FF implement a
simple state machine. The states are: Hit, Triggered, Readout Pending.

£ 2
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«The L1 latency is generated by two “offset” Grey counters, one of which supplies
the pixel latches (distributed to 2880 pixels !) and one of which supplies the 7-bit
comparators in each EOC buffer location. The latency is programmable from 1 to
128 crossings.

« The readout controller circuit keeps track of up to 16 triggers in a FIFO, storing
the leading-edge timestamp, and the buffer overflow status bit.

=The overflow flag is a wire-OR of all EOC buffer full status lines, stretched by one
L1 latency (the longest period over which an overflow can affect an event). It is
transmitted in the End-of-Event word.

«A TOT subtractor unit combines the leading-edge and trailing-edge information,
correcting for the latency, and provides the TOT as an 8-bit count.

«Hits are transmitted serially in individual 26-bit packets (1.header bit, 4 trigger
bits, 8 row bits, 5 column bits, 8 TOT bits). Significant redundancy allows
detection of errors, but no correction is possible. lllegal row numbers (224 and
240) are used to indicate End-of-Event words.

«The data serializer is pipelined to ensure gap-free transmission of the hit packets.
A tenth “phantom” column supplies the End-of-Event word in all cases. The
generation of an EOE word for every trigger accept is required to simpilify event
building in the MCC.

| ] ATLAS Pixel Electronics at LBL. May 7 1998 19 of 2
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Simplified Block Diagram of Readout Architecture:
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Status (see plots in talk of E. Charles):

«The complete pixel array was submitted to MOSIS/HP on Feb. 23 for fabrication.
The array contains 840K transistors, with about 250 per pixel in 50u x 350p.

«The reticle included:

— Two pixel arrays

— Analog test chip with 6 columns of front-ends, inciuding biassing and DAC plus current reference
circuitry. Many internal signals available, plus can apply capacitive loads and inject leakage currents.

— Digital test chip with 2 column pairs and 24 direct injection points to aliow parallel load studies of
the readout. The complete peripheral logic is included. Many internal nodes are brought out.

— A command decoder and 1/O driver/receiver test chip.

« The wafers returned on Apr. 17, and die have been tested. Several minor errors
were found, but chips perform largely as expected. Power is: DVdd = 50 mW,
AVdd+AVce = 170 mW of which 40 mW is FastOR buffers and 120 mW is pixels.

«Only serious error is a timing problem in the horizontal sparse scan of the EOC
buffer blocks, which causes the readout of the last 8 of 18 columns to be -
unreliable. This means that only 1600 channels behave perfectly on each chip.

- A first wafer was probed earlier this week, with a yield of 81/85 good die (95%),
and all 129,600 expected good channels operated correctly under digital
injection. Operation at 40 MHz on the probe station, with analog charge injection
has been quite successful, with noise levels of about 100e observed. Wafers are
now out for bump deposition and flip-chipping, will go to testbeam in June.
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Die photos (uII array, analog, digital, and command chips):
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Complete Array

-Complete array includes roughly 837K transistors before merging:

|
X
!
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B FNAL Pixel Workshop, May 1998 &

Sireuiiry in Pixels:

«Analog front-ends, showing connection to digital back-end with empty zone
between which contains substrate contact for digital logic:

e
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Bottom of Column Circuitry

«Contains active bias buffering and DAC circuitry (one DAC ber column pair).

«Interleaving of circuitry: digital connections to pixel back-end are made in M2,
horizontal distribution of biasses done in Poly with M1 AGnd shield in between:

—

K. Ei i L Berkeley National Lab

% FNAL Pixel Workshop, May 19898 R

«Digital back-ends, showing extensive bussing to transfer data from pixels to EOC.
« This region is covered by an M3 shield which is brought out on Shield pin.
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Bottom of Chip Circuitry

Botton."n pf the chip is quite full, with many routing details, making further compression
very difficult. Present floorplan has been iterated several times, but might be improved:

1
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VME-based Test System

High performance chips and modules need a high
performance test system:

-Have developed a VME-based readout system, which supports one chip or
module per VME card, and is hosted by a PC running LabWindows software.

«High performance “list processor” design, with an “instruction set” which supports
basic operations in the system, e.g. FE-CONFIG, INT_DATA, EXT_DATA, etc. A
simple linear “program” can be built using these atomic operations, and executed
at high speed by an FPGA controlier.

«1/O is through large parallel FIFOS, separate for command and data. A large local
SRAM is provided to support “hardware histogramming” of the returning data,
with one 256-bin histogram per pixel in a FE chip, with ID given by 13-bit Row/
Column. A detailed threshold scan can be performed in well under a minute.

«Provides a simple uniform interface for all control registers and operations in the
system (local Control Card, MCC, and FE chips) which use different protocols
and speeds.

«Does all parallel-serial conversions, word alignment, and simple data formatting
at 40 MHz serial stream speed.

-Supports operation over 25m cable using PECL I/O and local connections using
LVDS 1/0 for wafer probing, lab charac‘terizat%i?r}:,i @d testbeam readout.
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| Summary
Prototype pixel arrays have been operated at close to.
ATLAS requirements:
« Two parailel efforts have produced lots of measurements and new concepts, and
demonstrated that LHC performance goals do seem achievable.
Realistic ATLAS prototypes are now being tested:
«We should have first operating modules (= 46K pixels each) by June 98.
«We expect to iearn a great deal from these, particularly concerning the many
system integration issues involved in module construction.

Next step is to submit “identical” chips to radhard foundries.
(both DMILLUTEMIC and Honeywell):

« This will give us experience with complete irradiated assemblies.

A final iteration (ATLAS2 chipset) will be developed before
production begins:

« This gives us the opportunity to feed ATLAS1 radsoft and radhard experience into
“pre-production” chips. 4

Real production should beginira-%ooo—zoo.‘l -

[ ATLAS Pixet Electronks at LBL. May 7 1998 29 of 29
K. Einsweiler--  Lawsenoe Berkeley National Lab—



148



The Module Controller Chip (MCC) of the ATLAS Pixel Detector

Giovanni Darbo!, INFN-Genova
on behalf

ATLAS Pixel Collaboration (1]
Albany, Berkeley, Bonn, Dortmund, Irvine, Genova, Marseille, Milano, Nikhef, New Mexico,
Oklahoma, Prague, Santa Cruz, Siegen, Toronto, Udine, Wisconsin, Wuppertal

Abstract

The ATLAS pixel detector is organized in 3 barrels and 5 forward and backward discs. The basic building block
for each of those detector components is the detector module. There are a total of 2,228 modules, each one having
16 analog Front-End (FE) chips and a Module Controller Chip (MCC). Each module has 61,440 channels and must
deal with a complex signal structure: 40 MHz event interaction rate, 75 kHz trigger rate and 2.5 ys trigger latency.
The MCC has the main task to coordinate the 16 FE's: it does event building, handles errors and overflows and
deals with trigger and synchronization signals. The ATLAS Pixel Collaboration is designing a radiation soft version
of the detector module, as "demonstrator" of feasibility, before developing the final version.

This paper describes the MCC architecture and the prototype chip designed for the demostrator.

1. Introduction

The ATLAS pixel detector {2]{3] is constituted of
3 barrel layers and of 5 forward and backward disks.
Each barrel is organized into staves and each disk into
sectors, both of which are in tumn composed of
modules. A total of 2,228 modules are used in the
whole detector.

The read-out of the several thousand pixeis hit
amongst the 1.4+10% channels is a difficult
problem.[4] To solve it, ATLAS has adopted a
column-based read-out system because of its
simplicity, and the high bandwidth operation
provided by independent columns. High parallelism
is maintained at each step of the read-out architecture
together with apprpriate data compression. This is
necessary to extract the extremely sparse information
in the most efficient way. This read-out system is
implemented using a tree-like structure with
distributed intelligence at each node.[5]

2. Module

A perspective view and a simplified block diagram
of the module are shown in Figure 1 and Figure 2.

! e-mail: darbo@genova.infn.it

The two different blocks in Figure 2 are the
Front-End (FE) chip, which is replicated 16 times,
and the Module Controller Chip (MCC). The
interconnections have been kept very simple, and all
connections which are active during data-taking use
low-voltage differential signalling (LVDS) standards
to reduce EMI and balance current flows. Other
signals use full-swing single-ended CMOS to reduce
the pin count.

The interconnect topology between the MCC and
the 16 FE chips in a module is a star topology using
unidirectional serial links. This topology has been
chosen to improve the tolerance of the system to
individual component failure, as well as to improve
the bandwidth by operating the serial links in paraliel.

The ATLAS Pixel Collaboration is currently
designing a *“detector module demonstrator” which
implements the final functionality required for the
experiment, but with two main exceptions: it has
stightly larger pixel cells (400 x 50 pm? instead of 300
x 50 um?), to leave adequate room for diagnostic and
control logics, and it has electrical instead of optical
inputs and outputs. In addition, the chips on the
current built module are designed in radiation-soft
technology.
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Figure 1: Perspective view of a detector module.

The prototyping effort for the demonstrator is
being pursued with the aim of providing two
front-end chip designs in rad-hard technologies using
two different vendors, according to the official
ATLAS policy for rad-hard electronics development.
The two front-end designs (FE-A and FE-B) differ in
many internal details, but are intended to be
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Figure 2: Module biock diagram
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“functionally pin-to-pin compaiiole”, so that modules
can easily be built with either front-end chip and
comparatively tested.

Both FE chips have 18 columns (will be 24 with
the pixels shrinking to 300 m) and 160 rows of pixel
cells. Every second column is mirrored and the
architecture for the End-of-Column (EoC) logic is
organized for a column pair. Both pixel front-ends
will provide modest digital information using a
time-over-threshold (TOT) front-end design, and
digitizing the charge information in units of the 40
MHz beam crossing rate.

3. MCC System Architecture

The MCC has 3 main functions: event readout and
building, F= chip configuration and trigger and
timing dis:* ~ution to the FE chips.

3.1. Even: :cadout and Event Building

The first significant event building occurs in the
End-of-Column (EoC) logic on the Front End chip,
where data are organized into events labelled by 4-bit
trigger numbers. These events are then pushed from
the FE chips o the MCC as soon as each FE chip has
a complete event. The MCC collects the paraliel data

J1
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streams from all of the FE chips and performs real
event building. It then transmits these events to the
ROD (Read Out Driver). The final event building
tasks is left to the ROD’s, where power and space are
not as constrained as they are on the detector.

The End-of-Column logic receives input from a
pair of pixel columns. All pixel hits are stored in the
EoC buffers until a level one trigger (LVI)
coincidence is performed. After that, only hits
associated with a triggered beam crossing are kept
and are transferred off the FE chip into the MCC.
These basic operations, namely hit storage, LV1
trigger coincidence, and event readout, must be
simultaneously performed by the EoC logic in order
to prevent generating significant inefficiencies. Each
FE chip uses a 4-bit trigger number 10 uniquely label
events which are awaiting readout into the MCC. The
MCC has the ability to suppress additional LV1
trigger signals if the number of LV1 triggers sent to
the FE chips exceeds n (where n can be programmed
from I to 15). This number represents the maximum
number of events that a single FE chip can store.

The high luminosity of LHC - forces .an
“as-quickly-as-possible” approach in getting data
transferred from hit pixels to the End-of-Column
buffers. This process causes data entering the EoC
buffers to become somewhat scrambled, and will
therefore no longer be organized sequentially into
events. Hence this buffer will not behave as a FIFO,
and data from a given event will not be stored
contiguously. It becomes therefore necessary to scan
the EoC buffer pool in order to find the next free
location prior to writing new data. The buffer pool has
also to be scanned a second time to find all the hits
corresponding to a given event in order to provide the
MCC with data ordered by event.

Event building is performed by two concurrent
processes running in the MCC. The first (Receiver)
deals with the filling of the 16 input FIFQ’s with data
received from the corresponding FE chips, while the
second one (Evenr Builder) extracts data from the
FIFO’s and builds up the events. Each FE chip sends
data as soon as they are available with two
constraints: event hits must be ordered by event
number and for each event an End-of-Event
(EoE) word is always generated. EoF is also sent for
the case of an empty event to keep event
synchronization.

Each time an EoF is received by a Receiver in the
MCC this information is stored in a “score board”.
Therefore the Evenr Builder knows exactly when to
start the event building by checking the “score board”
which keeps track of which events are completely

Serial Data From Front-End Chips

FIFO 15

EVENT BUILDER /

SERIAL TRANS. >— OUT

(FIFO#

012345 15
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#400O000O0 O
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S = @ NN ee—

- i e - -
Zvent’s Seere 3cerd

Figure 3: Event “Score Board” used in the MCC
for event building.

stored in each of the 16 input FIFQ’s. When an event
flagged with LV1 number 7 is ready in all the FIFO’s
the Event Builder process takes all the hits from
FIFO#0, appends them to that of FIFO#1, and so on
up to the last FIFO#15. At the end of this process the
corresponding “score board” entry is erased. While
the Event Builder fetches the hits out of the FIFQ’s,
the MCC transmits them upstream to the optical
encoder. The event number is removed from each hit
and sent only once, together with the FE chip
addresses, to the ROD. The event building score
board is sketched in Figure 3.

The block diagram of Figure4 is an expanded
view of one of the sixteen FIFO’s of Figure 3. During
normal conditions, the RECEIVER fills data into the
FIFO. When an EoE word arrives, CTRL copies the
contents of W.PTR (Write Pointer) into L.PTR (Last
Pointer). When the Event Builder finds that an event
is completely received from all of the 16 FE chips
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Figure 4: Event readout: Front End RECEIVER
and input FIFO.

(Event Builder knows from the scoreboard about the
existence of complete events) it starts fetching data.
After every FIFO read operation its R.PTR is
incremented. R.PTR will never overtake L.PTR and
the Event Builder can start processing the next FIFO
once it finds an EoF in the data.

The MCC is able to handie both warning and error
conditions during event building. A warning occurs
when there is a condition which causes a partial event
loss. An error is a destructive condition that cause
the loss of one or more events until the MCC
recovers. Both warning and error conditions are
flagged in'the output data stream. Due to the data push
architecture, the overflow of an input FIFO could
always occur: the mechanism the MCC uses to
resolve such a condition is to issue a warning or an
error condition.

3.2. System Initialization and Configuration

Front end chips and MCCs must be configured
after power up or before starting a data taking run.
This is done by a system initialization procedure. To
write or read configuration data to/from the FE chips,
two levels of addressing are necessary:

1. The data path to the given module must be
selected.This is done by selecting the I/O pori on
the ROD corresponding to the module on which
the target FE chip resides. The ROD uses
point-to-point links to the MCC’s for both input
and output connections.

2. The FE chip must be addressed. This is done by
the FE chip itself, which recognizes its

geographical address in the Command plus
Address field of the message. Once the address is
recognized. the remaining data stream will be
used by the FE chip either to execute the
command or to upload/downioad intemal
registers. Since all of the information going to the
FE chips must pass through a MCC chip, the
MCC must recognize whether the data is for its
own use or must be transferred to the MCC-DAO
(Data Address Out) pin of the FE port, which is
connected to the FE chip inputs (see Figure 2).
This is done by looking at the secondary address
“*eld present in the header field of the message.

Lata streams sent to (or returned from) the FE
chips have variable length. When writing, this length
must fit the size of the relevant internal FE registers.
To ease the FE chip design for the demonstrator chips,
configuration data are transmitted at a reduced 5 MHz
bit rate, using the MCC-CCK clock, instead of the 40
MHz used for event readout. Experience will tell us
whether this can be eliminated in the next generation
of chips.

To simplify the control decoder the MCC-LD
signal is used to distinguish, in the bit stream from the
MCC-DAO pin, the address plus control words from
the subsequent data words.

The MCC architecture foresees up to 16 general
registers which can be written and read back during
system configuration. Two of them are used to define
the length, respectively of the data and of the
control part, in the bit stream which will be sent
1o the FE chip. The MCC registers support both
system control functions and access status
information that is particularly useful at debugging
time.

3.3. Trigger, Timing and Control

During normal operation, the on-detector
electronics of the pixel system needs a precise timing
signal (XCK - Bunch Crossing Clock) and a trigger
signal (LV1 - Level 1 Trigger). In addition to those
two signals several control commands are understood
by the system. The main signals are:

* XCK (Bunch crossing clock)

This is the clock. seen by the FE chip on its
FE-XCK input line. XCK is generated from the 40
MHz clock signal received by the MCC through
the DCCI input pin. The 40 MHz clock signal and
FE-XCK both have the same frequencv =s the
LHC machine clock. Each detector moc.:::: uses
the same 40 MHz clock, but a smaii phase
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Hit Data format at the input of the MCC.

Figure 5:
Case b} illustrates the Time over Threshold encoding.

difference can be programmed in the ROD to take
into account timing differences. The XCK signal
is used by pixel Front End to latch and associate
track hits to a particular bunch crossing number.

* LV1 (Level | Trigger)

This signal validates the rising clock edge of the
bunch crossing clock (FE-XCK) for those
crossings that have been accepted by the level 1
trigger system. The serial control protocol is used
to transmit the LV1 command from the counting
room down to the MCC, where it is received
serially encoded on the MCC-DCCI pin. Once
received by the MCC this signal is decoded by the
Command Decoder inside the MCC and
distributed to all the FE chips. One of the features
of the MCC is the ability to generate a pattern of
contiguous LV1 Accept signals to allow possible
multi-crossing read-out, both for diagnostic and
timing inilialization, and to allow for the
possibility that all of the interesting hits may not
be available in a single beam crossing. Hits
belonging to triggered bunch crossings cause data
to be stored by the End-of-Column logic in the FE
chips and subsequently pushed to the MCC. The
MCQC puts together hits from the same event and

pushes them to the ROD’s.
¢ SYNC (Event Synchronization)
This signal is wused to automatically

re-synchronize all FE chips in 2 module in case of
error conditions. The MCC can generate this
signal autonomously whenever the particular
module is empty, or when it detects an error
condition. It can also receive a SYNC command
from the ROD. In the first case all the FE chips on

Bl Lv1# : 8-bits [[] FE#:8-bits
B / / ["] rOW# : 8-bits / COL# : 5-bits / TOT : 8-bits

[

Header or Sync : 1-bit
Trailer = 0.0000.0000.0000
Trailer ToT = 0.0000.0000.0000.0000.0000

Figure 6: Event Data format at the MCC output.
Example 2 illustrates the case of Time over Threshold
encoding.

the module controlled by the MCC which issued
the SYNC reset their internal LV1 counter and
delete any pending triggered event. The FE chips
will then resume data taking and pushing as soon
as they see the next LV1 signal. In a similar way,
all MCC’s respond to a SYNC sent by the ROD by
resetting all FE chips connected to them and
resetting the LV1 counter and data inside the
FIFO’s once as many pending events as possible
have been reconstructed. The MCC then sets a
warning condition in this events data streams.

* Slow Commands

These commands are used to program the MCC or
the FE chips in a particular module. When one of
these commands is issued, the pixel system is
taken out of data acquisition mode, and command
operations like system configuration or read/write
operations can be executed at any level of the
hierarchy. There is a Data-Take command in order
to resume data taking.

4. Data Formats

Data will be transmitted from the FE chip to the
MCC using a simple protocol in which each hit is
transmitted in a stream of 18 bits (26 if the optional
Time-over-Threshold  (ToT)  information s
produced): 1 header bit, 4 LV1 bits, 8 row number or
end-of-event/warning bits, 5 column number bits and
8 optional ToT bits. Individual hits can be separated
by any number of zeroes in the data stream. The
average occupancy of the link is expected to be fairly
low. This, together with the encoding scheme
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described here, permits automatic recovery after data
transmission errors, so long as a gap longer than 18
(or 26 in case the ToT option is selected) bits appears
in the data stream. The data encoding and
transmission is represented in Figure 5.

The format of the event generated by the MCC is
made of ordered fields separated by synchronization
bits (“17), starting with a header (“1”) and ending
with a trailer (“100 0000 0000 0000™). The header is
to “wake up” the receiver from the idle condition
when no data are transmitted, while the
synchronization bits together with the trailer are used
to define the end of event. The trailer has been chosen
to be a pattern that can never occur in the data stream,
due to the insertion of synchronization bits. The
format always requires a LV1 number at the
beginning followed by a sequence of FE chip
numbers, followed by any number of hits (row plus
column or row pius column plus ToT when this option
is selected) interrupted by a new FE chip number plus
the sequence of hits. Warning and error flags can be
introduced in the event format. An example of such a
format is given in Figure 6.
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Figure 7: MCC Block Diagram.

5. »TCC Architecture Implementation

"2 MCC architecture is shown in the block
diagizm of Figure 7. The blocks represented are:

FRONT END PORT: (1/0 to the FE chips)

This module performs all of the interface functions
between the FE chips and the MCC.

RECEIVER CHANNEL: (Front End receiver)

This block includes the 16 derandomizing FIFQ’s
(one for each FE chip output), made with a full cus-
tom memory of 32 25-bit long words with arbitration
logic and read/write pointers, and the FE receivers
and the state machine running the interface to the FE
link. FIFO overflows are handled by this block.

EVENT BUILDER:

A scoreboard keeps track of complete events read by
each FE chip. Once all 16 FE chips have sent a com-
plete (even empty) event, the Event Builder sorts,
formats and prepares the event stream to be transmit-
ted to the RODs once encoded by the Module Port.
Errors at the level of event building are dealt with by
this block. Both error and warning conditions
are added in the output data stream if necessary.

REGISTER BANK:

The MCC architecture provides up to 16 general pur-
pose registers, only 11 of which have been imple-
mented in the demonstrator MCC. As an example, a
register is used to mask one or more input lines com-
ing from FE chips in case of failure. Two special reg-
isters contain the bit length of commands and data to
be writien to the Front End chips as these quantities
may vary each time a FE chip is accessed.

COMMAND DECODER:

This block decodes all commands sent to the MCC.
The LV1 trigger command (fast command), as well
as read/write operations to internal MCC registers or
to FE chips (slow commands) are'amongst the com-
mands interpreted by this block.

TTC: (Trigger, Timing and Control)

This block generates the LV1 trigger to the FE chips.
It has the ability to block LV1 accepts to all of the FE
chips on a module if there are too many LV1 events
still to be transmitted to the MCC. This block there-
fore keeps track of all LV1 signals sent to the FE
chips and all the Event-Done signals received by the
Event Builder. One of the functions of this block is to
deal with the automatic Sync signal programmable
into the MCC or received by the ROD:s via a dedicat-
ed command.
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MODULE PORT: (Interface to the ROD’s)

This module performs all of the interface functions
between the MCC and the RODs. Clock and serial
commands are decoded and sent respectively to the
Clock Tree and the Command Decoder block. Outgo-
ing signals are encoded with the clock and are sent
out on MCC-DTO/! and MCC-DTO?2 pins according
to bandwidth requirements. Bandwidth requirements
predicate the use of three optical fibres.

CLOCKTREE:

Once the clock has been decoded by the Module
Port, it must be distributed to the whole module. In
order to minimize clock skew between the MCC and
the FE chips, the MCC generates the clock and latch-
es all input/output data with this clock signal. This
signal is then sent to all the components of the mod-
ule via the MCC-XCK output pin. The MCC itself
will use this distributed clock for all its internal oper-
ations.

The MCC chip will be fabricated in rad-hard
technology using the DMILL 0.8 um double metal
CMOS process. To minimize the risk of errors in the
rather complex MCC design, a top-down design
methodology has been used, using standard cells with
logic synthesis from a high level Verilog description.
The only full custom parts of the design will be the 16
FIFO’s, the LVDS I/O drivers/receivers and the
Bi-phase Mark Encoding and Decoding blocks,
which do not exist in the DMILL standard cell library.

6. MCC for the ATLAS “Demonstrator”

Since the demonstrator module does not have
optical links, the main differences between it and the
final version are the absence of the Bi-phase Mark
Encoding and.DPecoding blocks which will be added
to the Module Port (see Figure 8). Another difference
is that this version of the chip has been produced in
rad-soft technology using the AMS 0.8 pum double
metal CMOS process.

Due to the complexity of the circuit a top-down
design methodology has been chosen. The whole
design was first coded in Verilog at a behavioural
level, and then mapped to the 3.3V, 0.8 um CMOS
AMS standard cell library using a logic synthesis tool
(Synergy), with the exception of the full-custom
blocks. After hand-positioning the custom blocks, the
layout was made with an automated place and route
tool. The final steps of this process were the layout
versus schematic comparison and the design rule
check. The whole design was made using the Cadence
Design Framework. Figure 11 presents the final
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Figure 8: Difference between the “Demonstrator”
MCC (a) and the MCC which will be designed for
the experiment (b), The final chip will receive clock
and data encoded on a single fiber (DCCI), while
two output fibers will be used to increase the
bandwidth (DTO1 & DTO2).

DTO!

layout with the main building blocks highlighted.
Approximately half of each receiver channel foot

print is occupied by a FIFO.
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Figure 9: Block diagram to illustrate the
“Transparent Mode” operation of the MCC.

Since the 16 FE chips in a module will be accessed
through the MCC by a rather complex protocol, we
have added a “Transparent Mode” of operation to the
MCC. This mode requires the addition of several pins
and a small amount of logic, but allows transparent
access to all input and output pins of the 16 FE chips.
This operational mode bypasses all of the MCC
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wt
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TSTIN l |

RN W |
TSTEN<1:0>

TSTOUT

Figure 10: Scan chain to access in read and write
mode MCC internal flip-flops.

functionality and directly connects all data, control
and timing signals going to (or returning from) the FE
chips with corresponding extemnally accessible pins
on the MCC.The Figure 9 shows the implementation
of the “transparent Mode” in the MCC.

The MCC has additional pins which can be used to
put the circuit into test mode and increase the
accessibility and observablity of internal nodes. In

this test mode all the internal flip-fiops are configured
as a shift register, see Figure 10, which allows both
reading and writing the MCC intemnal state. This
mode will be used to test the chip on a probe station
before mounting it in the system.

The MCC has 60 signal pins, and with the
inclusion of power and test signals, there will be a
total of 81 pins on the chip die. The chip area is 67
mm? and has approximately 430,000 transistors. The
design will not be optimal in its area and power
consumption, but this approach provides the safest
route to produce the MCC prototype on this short time
scale.

The MCC is in fabrication in an engineering run,
and we will receive functionally-tested chips, in order
to facilitate the assembly steps of the whole module.
A first test of the whole module should take place in
August 1998 in the CERN HS8 test beam.
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Figure 11: MCC layout. The different functional blocks have been highlighted.
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Re-verified Analog Front-End
Performance.

* Original Results Presented @ Hungary 1996
* Linearity Good Enough - Spec.
* Timewalk 16 ns @ 4k electrons. - Spec.
— Dual Comparator Coincidence
* Noise of 150 e’s RMS ENC - Spec.

Summary of Results

* Reverified Analog-Front End Performance.
* Power Consumption

* Leakage Current Capacity

e Column Readout Design

kil




Leakage Current Capacity

* Max. Current 73 nA/UC

» Specification of 100 nA, Goal 150 nA

* From n+/p/p+ work, observe 7 pA/um? @ Room Temp.
* For 150 um x 150 um UC @ 0 C => 10 nA/UC Avg.

Power Consumption

Supply (V) Current (mA) Power (mW) Power/UC (ulW)

Vdd 3.00 3.75 11.25 11.7
VddA 2.50 3.12 7.82 8.1

VddP 1.08 12.18 13.15 13.7
Total - - 32.20 33.6

» Power Consumption per Unit Cell in Spec!




Column Readout Functions

* Basic Design Works!

* Token Speed ~1.5 GHz (Spec. 3 GHz)
* Pixel Mask & Neighbor Logic Works
* End of Column Time Stamp Works

* Bus Speed Needs Verification

Next Step

o

* Conversion to aneywell SOl

e Rad-Hard to CMS’ Fluences - Dave Pellett Talk
e Simulation & Layput Conversion Complete

e Submission Marq{h 1998
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Pixel Detector for B-factories

T.E. Browder, C.J. Kenney, S.L. Olsen, S.I. Parker, S.K. Sahu*, G.S. Varner
University of Hawaii

G.P. Grim, R.L. Lander
University of California, Davis

H. Aihara, H. Tajima
University of Tokyo

H. Yamamoto
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Abstract
Prospects for pixel detector upgrades of current ete™ B factories are investigated. Relevant

technologies are compared. The results of some preliminary simulations and fabrication R & D
are presented.

1 | Introduction

B-factories are the new generation of particle accelerators capable of producing copious numbers
of B-mesons. B-mesons, being heavy, have hundreds of decay modes, and therefore create a large
arena for the test and measurement of Standard Model. Out of many physics topics to be studied
in B-factories, test of fundamental symmetries is perhaps the foremost. The product of charge
conjugation and parity (CP), which was thought to be a fundamental symmetry of nature, was
found to be violated in the decay of K-mesons. Even more than 30 years after this discovery, the
phenomenon of CP violation has not been observed in any other system. The Standard model, on
‘the other hand, does allow for CP violation through complex phases in the quark rotation matrix,
called Cabbibo-Kobayashi- Masakawa(CKM) matrix, which along with the magnitudes of the matrix
elements, are poorly determined parameters.

The major goal of the B-factories is to discover the phenomenon of CP violation in B-meson
decays, measure the CKM parameters, and therefore check if the observed CP violation can be
explained within the scope of the Standard Model. These experiments have the potential to answer
the very fundamental question : why is the universe that we see today is made of mostly matter,
with anti-matter only scarcely present ? Such a situation can occur if there is a large enough CP
violation in the physical laws of nature.

Electrons and positrons can collide to produce a quark-antiquark pair. The largest cross-section
for B-mesons (a “beauty” quark paired up with any other quark) occurs at the Y(4S) resonance at
a center-of-mass energy of 10.58 GeV. The B-factories at (1) Cornell University, CESR ring, CLEO
detector, (2) Stanford Linear Accelerator Center, PEP-II ring, BaBar detector, (3) High Energy

*Speaker & Corresponding author; E-mail - sahu@uhheph. phys.hawaii.edu
Talk presented at the Pixel 98 workshop at Fermilab during May 7-9, 1998.




Accelerator Physics Lab (KEK, Japan), KEK-B ring, BELLE detector; will all run at this energy.
PEP-II and KEK-B will be asymmetric (different momenta for electron and positron beams), while
CESR will be a symmetric accelerator. In Fig. 1 we show the geographic location of these B-factories
and in the inset show their operating region in center of mass energy.

The decay vertices of the B-meson and its secondaries play an important role in the physics
being pursued, and therefore much effort has gone into building silicon strip detectors for vertexing.
Intrinsic position resolution of these detectors are typically about 5 - 15 microns, and the impact
parameter resolution is typically 80 - 200 microns. For the initial discovery physics, this kind of
sensitivity is enough, but as we proceed into the measurement and deeper disovery arena, much
better vertexing is desirable. In Fig. 2 we show the decay lengths (8vcr, with 8y = 0.43 for KEK-
B) of some important particles generated at B-factories, compare them with resolutions of a common
silicon strip vertex detector (SVD) and a novel silicon pixel detector (PIX) combined with the SVD.
Clearly, the hybrid system (PIX+SVD) probes deep into the decay kinematics.

Both, silicon strip and pixel detectors are essentially reverse-biased PIN(p — intrinsic — n-type)
diodes. When a charged particle goes through, the ionization creates electron-hole pairs, which drift
in opposite directions and create a signal when they strike the respective electrodes (see Fig 3).
In the case of the strip detector, the electrodes look like strips running in orthogonal directions
on p and n planes, and therefore the signal-bearing strips give the information on the position of
the track. For instance, upper plane of the strip detector sketched in Fig. 3 gives the z-position
measurement, and the bottom plane gives the y-position measurement. In the case of the pixel
detector, however, since one of the electrodes is segmented into tiny rectangles, called pixels, both
z and y measurements come from just the top plane.

2 Proposed Upgrade of SVD

In this paper, we will take the Belle detector at the KEK B-factory as a generic ete™ B-factory,
and build our arguments around it. The same arguments can be extended to BaBar and CLEO with
certain constraints. ‘

Vertex resolution is dominated by two factors : geometry and multiple scattering. A pedagogical
model with two layers of vertex detector (for the sake of simplicity) is shown in Fig. 4. The two
detector planes are parallel to the beam, at radial distances r; and 7. Intrinsic resolutions are o;
and o3, respectively. The goal is to make the impact parameter resolution g4 as small as possible.
It comprises of two factors - geometric error (04¢om ) and multiple scattering error (o) :

030 = Ufns + Ugeom (1)
o172 2 0271 2
2 — —_ 2
Pum = (722) +(22) )
(7',,2“‘s = Z?iit(RjAej)z (3)
0.0136 Az; Az

i = ————— /=2 |1+0.038In =2 4
£ p[GeV/cV Xo [ M 8 Xo] @)

“where R; is the radius of the inner detector(s) that need to be taken into account for estimating
tracking error due to multiple scattering. It may be noted that these equations assume perpendicular
incidence, and therefore a cos 8 factor enters in the denominator when slanted tracks are considered.

Examining the above equations we determine that for better vertexing :



1. 71 and r2 should be small, which means detectors should be as close to the interaction point
as possible.

2. (rg — 1) should be as large as possible, which means the lever arm should be large.
3. éX-zai should be small, in other words, the detector itself should be as thin as possible.

Keeping these factors in mind, we propose the following : (1) reduce the beampipe diameter
(2) add two layers of thin pixel detector. The advantage of doing this has been simulated with
a program called TRACKERR. The most relevant results are shown in Figs. 5 & 6, where the
impact parameters 0,4 and o, are plotted as functions of the dip angle of a 250 MeV incident pion.
Intrinsic resolution of 10 pm is assumed for both, PIX and SVD detectors. The solid lines are for
the SVD+PIX option with 100 pm pixel thickness, dashed lines are for the SVD+PIX option with
350 pm pixel thickness, and dotted lines are for the existing SVD only option. For the PIX option, it
is assumed that one can reduce the beampipe radius to 1 cm, and that a 0.3% X, synchrotron/EM
shield exists just outside of the beampipe.

The significant improvement in tracking and vertex resolution, especially at the low angle region
is worth taking the trouble of putting a pixel detector in. Rigorous analysis on this topic may be
found in [1].

In what areas do we expect physics gains ?

1. The b — s transitions, mediated by penguin diagrams are hard to separate from theb — ¢ — s
backgrounds without good vertexing.

2. The b — wu transition is a rare decay, and the matrix element V,; is a poorly determined
parameter. Measurement of this decay mode is made difficult by continuum background,
which can be suppressed by good vertex separation.

3. Direct measurement of T'-parity violation can be studied in polarization studies of b — crv.
Detection and polarization measurements are difficult without excellent vertex detection.

In general, any process with a secondary vertex or where either combinatoric background is large
or continuum background is large, will be easier to study with a pixel detector.

As a generic B-factory detector, we use the Belle detector at KEK B-factory to establish our
point. In Fig. 7(a) cross-sectional view of the current Belle vertex detector is shown. It consists of
three layers of silicon strip detectors with a 2 cm radius beam-pipe. We propose to reduce the beam
pipe radius to 1 cm, and put two thin pixel layers at 1.3 and 2 cm. The resulting arrangement is
shown in Fig. 8.- The r¢ view is given in Fig. 9. The hexagonal shape for both the layers ensures ease
of mechanical fabrication, but leaves some dead space at the corners. An alternate design, shown in
Fig. 10 has a hexagon-octagon shape. This has the advantage that sensors of the same size for both
the pixel layers can be manufactured, thus making the yield higher.

3 Radiation Damage

Radiation damage in the B-factories is dominated by e~ background from synchrotron radiation
and beam-gas scattered electrons (hereafter referred to as spent electrons). Damage to the detector
and circuit is mainly due to ionization. This differs from the type of damage at LHC, which is mostly
field and gate oxide damage, as well as bulk damage due to proton, neutron or pion irradiation.
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Synchrotron background is a characteristic of the machine, and the problem is different for each
B-factory. In Fig. 11 we show the synchrotron radiation fans at BaBar and Belle detectors. At
BaBar, the fan hits the detector region directly, and hence sophisticated masking is necessary. In
Belle, the dotted lines show the 100 synchrotron profile, and it stays clear of the detector/beampipe.
Hence the beampipe radius can be reduced without being directly hit by the synchrotron radiation.
In any case, we assume that synchrotron radiation can be masked, and that the majority of damage
will come from spent electrons.

Spent electrons (or positrons; we will call them spent electrons in a collective sense) are produced
when the beam electron scatters off a residual gas nucleus via Coulomb scattering or Bremsstrahlung.
The spent particle changes direction or energy, and goes off the orbit. The new trajectory, after
passing through a number of electromagnetic elements in the accelerator may hit the detector, and
thus produce hits and radiation damage. Simulations of such backgrounds have been performed at
all the three B-factories, and details of the results may be found in the proceedings of the First and
Second Workshops on Backgrounds at Machine-Detector Interface([2]). For Belle, the results are
summarized in Fig. 12, where expected the dose is plotted as a function of the radial distance from
the beamline. The position where the pixel detector will be gets upto a MRad of dose per year,
which would be too much for conventional strip detectors and associated electronics. Although the
electronics could be made rad-hard, the large capacitance and large leakage current of strip detectors
would render them inoperable at such high doses. Again, the occupancy would be too high for a
strip detector.

Getting the detector and the electronics rad-hard upto at least 5 MRad is conceivable with
current technology, thanks to success in development of radhard electronics for LHC.

It is worthwhile to mention that the backgrounds are a strong function of the beam emittance.
A representative diagram of beam emittances at PEP-II, CESR and KEK-B is given in Fig. 13. The
very low emittance at KEK-B makes it a lot easier to put a pixel detector close to the beam:

4 Possible Options

The B-factories will start their runs in early 1999. We plan to install the pixel upgrade after two
years of initial running, which means we have to make a working detector by the end of the year
2000. Keeping this goal in mind, we have evaluated several options for vertexing technology.

¢ Diamond Pixels : It would be the best detector option, given its radiation hardness. But
the technology is currently being developed, and there aren’t multiple vendors of the detector
grade material to ensure uninterrupted supply. This option would be too risky for this project.

e Thin Silicon Strips : These are a possible option, although signal to noise is a problem.
Some groups have produced such detectors with partial success. Advantage is that one can
use commercially available Viking VH1 radhard chips with these detectors. This is a potential
intermediate upgrade option.

e Thin CCDs : CCDs have been used in HEP experiments and backthinned CCDs can be
presumably used for this purpose. But the charge transfer (shift register) mechanism limits the
capability of operating the detector at high background rates. The signal would be swamped
in backgrounds during charge transfer.

e Thin Silicon Pixels (bump-bonded) : This is a potential option for us, and the rest of
the paper is written taking this as the default. By choosing this, we are flying on the wings of
ATLAS/CMS expertise.
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e Thin Silicon Pixels (Monolithic) : With lower capacitance than bump-bonded ones,
these have better S/N performance. This could be a potential option if the technology can be
made rad-hard. This option is still under study.

e Thin Slicon Pixels (3D) : This is a novel innovation in silicon detector technology. But it
is in the process of being developed, and would clearly be too ambitious for this project.

We are currently carrying out R & D for the bump-bonded thin silicon pixel option.

The proposed manufacturing process of the detector is described in Fig. 14. One starts with a
500 pm readout wafer and a 70 - 100 pum detector wafer. The detector is then backed up with wax
by a 300 ym dummy wafer. Indium bumps are deposited on both sides, and pressure bonding is
performed. The sandwich is cut with diamond saws to the desired size, and by dissolving the wax
the dummy support is removed. The readout wafer is then back-thinned by cold reactive plasma
etching down to 50 um or less. One is then left with a complete thin detector ready to be installed.

In the Belle detector, the acceptance is from 17° to 150°, and therefore the rule L = 3R, where
R is the radial distance of the detector from the beamline and L is the minimum physical length of
the detector, applies (see Fig. 15). Since we want to put the detectors very close to the beamline,
with R less than 2 cm, a whole sensor can be comfortably carved out of a 4 inch or at worst 6 inch
wafer, both of which are standard. Such a “one-piece” detector eliminates the need of inter-sensor
wire bonding, and simplifies the structural issues greatly.

5 Some Rules of Thumb and “a” Readout Architecture

The pixel upgrade we propose need not have any time-stamp information, since the trigger will be
provided by the silicon strip and TOF detectors. With only charge information needed, the number
of transistors, capacitors and resistors will be small, and therefore the size of the pixel can be made
small. We envision a 50 x 50 pum? pixel size. Bump bonds are reliably done at diameters of 20
pum or large, and could comfortably fit into this pixel dimension. With 100 pm thick detector, the
number of e-h pairs produced per MIP will be about 8000. In order to get good position resolution,
the readout has to be analog and we need to get the charge sharing information from neighboring
pixels. Assuming a 3x3 pixel clustering scheme, we should be sensitive up to about 20% of the total
charge, which corresponds to 1600 electrons. Using the canonical S/N = 10/1, we get 160 electrons
as the ENC of our electronics, which is achievable with current CMOS technology.

The readout/Integration time and dynamic range of the electronics depends on the degradation
of the detector and electronics due to radiation. A useful parameter is the dark current. A good
detector will have a dark current of the order of 10 nA/cm?. A few MRad of dose will increase it
to about 50 nA/cm?. On a 50 x 50 pm? size pixel, this corresponds to 0.25 pA - 1.25 pA of dark
current. With the 160 ENC number discussed in the last paragraph, the time becomes 160 e~/
1.25pA = 20 usec. This means the integration time can be as long as 20 psec even though the beam
crossing is only every few nano seconds.

Since the physics event rate is less than 10 kHz and the event multiplicity is less than 8 for
B-factories, the above scheme should work well.

A simple proposed architecture for readout is shown in Fig. 16. It is a modified version of an
original design by Aw, Kenney and Parker. One sensor module consists of typically 2000 rows and
200 columns. When a row is hit and the charge collected is larger than the threshold, then the
address of that row is encoded. During each scan cycle, the control loops over the encoded rows,
and strobes all the columns of that row to be read out in parallel. These 200 signals can then be
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digitized, and may be filtered and/or delayed through an SCA/FPGA for a quick quality scan before
being dumped into the database. Some multiplexing and zero-suppression may be required at this
step if the power consumption becomes too large. All the analyses can be done offline.

6 Experience with Thin Wafers

At the Center for Integrated Systems(CIS), Stanford and the Fabrication Lab at UC, Davis we have
done some rudimentary work on thin wafers. Starting from 300 um, wafers have been thinned down
to 70 pm by chemical etching. Processes such as dump rinsing, spin rinsing, spin resist, lithography,
wet oxidation and dicing have been tested with good yield. Cold reactive plasma etching has been
done without doing any visible damage to bumpbonds. Processes such as metallization and bump
bonding will be tested on these thin wafers in near future.

In Fig. 17 we show a picture of lithography done on a thin wafer. The structures visible are
about 20 pm wide. In Fig. 18 we show the cross-section of a diced thin wafer, still supported by the

. dummy wafer with wax.

7 TFuture Directions

The following goals are set for the installation of a pixel detector at the KEK B-factory. These are
highly contingent upon manpower and financial resources.

¢ All processing techniques for thin wafers will be established this year (1998). The production
will either be done by ourselves or vended to any interested manufacturer with the technology
transfer.

A diode prototype will be made by the end of 1998.

Charge drift simulation for thin pixels and device optimization for readout will be done by the
spring/summer 1999. '

A readout chip will be fabricated by mid 1999.

A full prototype will be ready by the end of 1999.

Assuming the backgrounds permit, a full detector will be made in 2000 and installed at the
end of the year.
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Figure 1: Geographical location of the ete~ B-factories. The inset shows the operating energy at
Y (4S) resonance.
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Figure 2: Decay lengths of some particles in relative scale, compared with resolutions offered by
SVD and SVD+Pixel. Both SVD and PIX are assumed to have intrinsic resolution of 10 pgm. SVD
has 350 pm wafers, and PIX has 100 um wafers. SVD option assumes a 2 cm radius beampipe,
whereas the SVD+PIX option assumes a 1 cm beampipe.




Figure 3: Conceptual comparison between silicon strip detectors and silicon pixel detectors. The
arrow represents a charged particle, and the two circles represent an electron-hole pair out of thou-
sands created. The electron drifts to the n-side (the detector is always reverse biased), and the holes
drift to the p-side, generating a signal current upon arrival.

Figure 4: Model of a two-layer vertex detector.
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Figure 5: Impact parameter resolution in r¢ plane as a function of dip angle for pions of different
momenta.
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Figure 6: Impact parameter resolution in z direction as a function of dip angle for pions of different
momenta.



Figure 7: zz and r¢ views of the current Belle silicon vertex detector (SVD).

Putting a Pixcl Detector in a B-factory

Reduce the beam-pipe diameter=s Longer Lever-urm
Use thinner deteclor ———— Less Multiple scartering

Make them radiation hard —— Lornger detector He

Figure 8: zz view of the proposed pixel detector upgrade at Belle.
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Figure 9: 1:¢ view of the proposed pixel detector upgrade at Belle.

NOTE: Drawn to scale

I 05cm

Figure 10: r¢ view of another option for a pixel detector upgrade at Belle.
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Figure 11: Synchrotron radiation fans at BaBar (top) and Belle (bottom). Dotted lines for Belle

represent 100 contours.
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Radiation Damage :::: at BELLE
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Figure 12: Radiation dose as a function of radial distance due to spent electrons at Belle.
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Figure 13: Beam emittance in the three B-factories in a relative scale. The area of the ellipse is a
measure of the emittance.
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Proposed Genesis of a Thin-Pixel Detector

500 pum
electronics wafer
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detector wafer 300 pm wax
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EoNoN) - bonding
Remove dummy
support Diamond Saw
CFy + O into modules
Plasma-etch
back of electronics Detector Module
Ready to be assembled
\ ’ «————>50 um electronics wafer
2262 @0 €O —— 10 pm Indium bump

TT——70 pm detector

Figure 14: Proposed production process of a thin bump bonded pixel detector.

4in= {0cm

One whole detector module can be on one wafer
===> Structural mounting casy.

Figure 15: At small radii, the whole pixel sensor can be accomodated on a single wafer : the L = 5x R
rule.
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"A" read-out architecture

200 columns
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2000 rows .. .
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Row Th.
Pixel array ] R‘;:iw
add.
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Control

Modified Parker/Kenney/Aw design for Monolithic

Figure 16: A simple proposed readout architecture for B-factory bump-bonded pixels.

Lithography on thin (about 8 micron) wafer. about 20 micron

Figure 17: Lithography on a thin pixel. The smallest features are about 20 um wide.
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Figure 18: A cross-section of a diced thin wafer supported by a dummy wafer with wax.
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Study of Radiation Damage to Honeywell RICMOS-IV
SOI Transistors by Charged Hadrons !

G.P. Grim and D.E. Pellett
Physics Department, UC Davis, Davis, CA 95616

Abstract

We present preliminary results of an exposure of Honeywell
RICMOS-IV SOI transistors to 2 x 1014 63.3 MeV protons at
the UCD cyclotron radiation test beam (27 Mrad (Si)). In terms
of surface damage, this corresponds to almost twice.the dose
expected for the CMS pixel detector during its useful life at
the LHC collider. The irradiated transistors include n-channel
MOSFET: similar to the front-end transistors of a pixel readout
we have designed for use at the next generation of detectors
at hadron colliders. Data are presented on radiation-induced
changes in threshold, transconductance, maximum voltage gain
and noise for MOSFETs produced in a developmental SOI
run. The preliminary results indicate that the readout front end
would continue to function satisfactorily in the CMS radiation
environment.

I. INTRODUCTION

The next generation of vertex detectors at colliders such as
the Large Hadron Collider (LHC) at CERN will be subject to
extreme radiation doses from-high energy charged hadrons.
For example, the inner part of the CMS pixel vertex detector,
on which we are collaborating, is expected to be penetrated by
of order 6 x 10'* such particles during its useful life [1], [2].
It is important to understand the limits of performance of the
readout electronics under such conditions. For example, we
have designed a pixel readout suitable for LHC applications
[3]. The input transistor for the charge-sensitive amplifier
is expected to be the component most sensitive to damage.
In our design, this is an NMOS device with w = 8.4 um
and [ = 0.8 um. A candidate radiation-hard technology for
impiementing the readout is the Honeywell SOI RICMOS-IV
process {4]). This has been used successfully for radiation-hard
digital circuitry, but its applicability for our analog use needs to
be investigated. o

For radiation tests, we have used Honeywell process
monitor bars which include PMOS and NMOS transistors with
nominal values of w = 10 pm and [ = 0.8 ym. The bars were
specially processed to yield p-channel MOSFETSs hard to a
dose of 50 Mrad [5]. The gate oxide thickness was 15 nm, the
barrier oxide thickness, 370 nm, and the effective gate length,
0.65 pm. We measured the / — V characteristics and threshold
shifts of these devices as a function of radiation dose and the
noise in the frequency range 1-3 MHz for unirradiated devices
and devices irradiated to 27 Mrad.

IPartially supported by US DOE contract DE-FG-03-91ER40674

II. MEASUREMENT TECHNIQUES

A. Irradiation and Testing

The devices were irradiated in the proton radiation test
beam at the UC Davis Crocker Nuclear Laboratory (CNL)
cyclotron [6]. The beam energy was 63.3 MeV. The fluence
was monitored to 10% accuracy using a secondary emission
monitor calibrated using a Faraday cup. The beam profile was
approximately uniform over a 7 cm diameter, much larger
than the devices under test. The dose rate was 2.3 Krad (Si)/s.
Irradiation was done under bias (Vps = Vgs = 1 V for
NMOS and Vps = Vgs = -1 V for PMOS devices) and in an
argon atmosphere. Device parameters were measured with the
beam off at 5 Mrad intervals using a Hewlett-Packard 4145B
semiconductor parameter analyzer controlled by an Apple
Macintosh computer running a LabVIEW (7] program.

B. Preliminary Noise Measurement

The input-referred noise amplitude in the frequency range
1-3 MHz was measured under operating conditions similar
to that of the pixel readout front-end transistor. For this, a
low-noise transimpedance amplifier calibrated using a signal
generator and resistors was employed in conjunction with a
Tektronix 2712 spectrum analyzer. Noise measurements were
made approximately one month after the irradiation.

ITI. RESULTS

A. Shift of Characteristic Curves and Thresholds

Changes under irradiation in the device performance (I — V
characteristics and thresholds) are shown in Figures 1 through
3. In general, larger changes were observed in the first 15 Mrad
than in the reminder of the exposure.

B. Changes in Transconductance and Maximum

Gain

Graphs of transconductance divided by drain current
before irradiation and after the full 27 Mrad dose are shown
for the n-channel and p-channel transistors in Figures 4
and 5, respectively. Figures 6 and 7 show corresponding
results for maximum voltage gain, g,/g,. The front-end
transistor in the pixel readout is an n-channel MOSFET and
has an operating point in the neighborhood of 10 pA. Here,
the transconductance falls by approximately 20% and the
maximum gain by 40% of the original values.
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C. Preliminary Noise Measurement

Noise measurements before and after irradiation at a center
frequency of 2 MHz are listed in Table 1.

Table 1

Noise Measured at 2 MHz
FET Dose 9m N VN,
(type) | (Mrad) | (uS) | (nV/VHz) | (nV/VHz)
NMOS | 0 140 20 9
NMOS | 27 125 40 9
PMOS | 0 88 22 ) 11
PMOS | 27 95 32 11

The measurement conditions correspond to the operating
point of the input transistor, Ip = 10 g4 and Vpg = 500 mV.
The spectra in the interval 1-3 MHz were observed to be
flat. In Table 1, vy is the measured rms noise voltage per
vHz. An estimate of the thermal noise expected from the
channel resistance, vy, = /(0.67)4kT /g, is included for
comparison. Prior to irradiation, vy is approximately twice
UN, for both the n- and the p-channel devices. After a dose
of 27 Mrad, there is a further increase of 100% in vy for the
n-channel device and 50% for the p-channel.

These effects may be understood in the context of a recent
model for excess apparent white noise in SOI MOSFETs
proposed by F. Faccio et al. [8], in which the excess comes
from thermal noise associated with the body resistance,
increasing as the body resistance increases. The input-referred
noise amplitude was observed to change as the body resistance
was varied via the body or backgate bias. This provides a
possible method for reducing the noise. In our case, the body
resistance can vary in response to radiation-induced positive
charge in the buried oxide. We are currently carrying out more
detailed noise measurements and investigating these effects in
the Honeywell devices.

IV. CONCLUSIONS

Our preliminary conclusion is that the pixel front-end
would continue to operate in the LHC environment. Noise
remains a primary concern since the discriminator threshold
needs to be approximately five times the expected noise level
to prevent overloading the data acquisition system with random
hits. More detailed noise measurements and circuit simulations
are currently underway, including measurements of the effects
of body and backgate biasing on noise.
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